Co-infection of porcine reproductive and respiratory syndrome virus (PRRSV) and porcine circoviruses (PCVs) is commonly observed under field conditions and elicits more severe diseases than any singular infection. In this study, the co-infection of PRRSV, PCV2 and PCV3 was analyzed in tissue samples collected from 150 pigs from April 2016 to April 2018. PRRSV, PCV2 and PCV3 was detected in 55 (36.67%), 43 (28.67%) and 3 (2%) of 150 pigs respectively. Remarkably, one lung sample (SD17-36) collected from a diseased pig was co-infected with PRRSV, PCV2 and PCV3. The complete genomes of SD17-36 viruses of PRRSV, PCV2 and PCV3 were determined, which belong to the subgroups of NADC30-like PRRSV, PCV2d and PCV3a respectively. Sequence comparison showed that PRRSV SD17-36 isolate contains a N33 deletion in GP5. Animal challenge study showed that the novel NADC30-like PRRSV SD17-36 isolate is low pathogenic. Our results indicate that the co-infection of PRRSV and PCVs might cause diseases even when PRRSV plays a limited role in the pathogenicity of the co-infection.
Gelderblom, Vettermann, & Koch, 1982) . PCV2 is associated with post-weaning multisystemic wasting syndrome (PMWS) and porcine circovirus-associated diseases (PCVAD) (Segales, 2012) . PCV3 was newly discovered in the United States in 2015, which is associated with porcine dermatitis and nephropathy syndrome (PDNS), reproductive failure, cardiac and multi-systemic inflammation (Palinski et al., 2017; Phan et al., 2016) .
Porcine reproductive and respiratory syndrome virus and porcine circoviruses are economically important swine pathogens in China.
Currently, PRRSV isolates are circulating in Chinese swine herds and more than 80% pig farms are PRRSV positive (Guo, Chen, Li, Qiao, & Zhang, 2018) . PCV2 is widespread throughout China with 10%-90% seropositive rate in different regions (Ge, Wang, Guo, & Yang, 2012) .
PCV3 has also been detected in more than 20 provinces (Ku et al., 2017; Zhai et al., 2017) . The co-infection of PRRSV and PCVs could complicate the infection status and make it more difficult to control the diseases. Under the field conditions, the co-infection of PRRSV and PCV2 is common (Ge et al., 2012) . In addition, the co-infection of PCV2 and PCV3 has also been reported (Zheng et al., 2017; Zhang, Luo, Liang, Li, & Cui, 2018) . However, the co-infection status of PRRSV, PCV2 and PCV3 in China is still not well clarified. In addition, the role of each virus played in the pathogenicity of the co-infection is also unknown. In this study, we would like to analyze the co-infection status of PRRSV, PCV2 and PCV3 in Chinese swine herds and the role of PRRSV played in the pathogenicity of co-infection. All samples were stored at −80°C until used.
| MATERIALS AND METHODS

| Sample collection
| Nucleic acid extraction and real-time PCR detection
The RNA and DNA were extracted from 25 mg of each tissue sample according to the instructions of the RNeasy Mini Kit (Qiagen, Germany) and DNeasy Blood & Tissue Kit (Qiagen, Germany) respectively. PRRSV, PCV2 and PCV3 infection were detected by the realtime PCR assays established by previous studies (Chen et al., 2009; Kim et al., 2017) .
| Genome sequencing
The complete genomes of three viruses from the co-infected sample (SD17-36) were also determined as previously described Cai et al., 2012; Shen et al., 2018) .
| Multiple sequence alignment and phylogenetic analysis
To analyze the evolution and co-evolution of PRRSV, PCV2 and PCV3 in Chinese swine herds, multiple sequence alignments were performed using ClustalX 2.0 and phylogenetic trees were constructed by MEGA 6.06 as we previously described (Chen et al., 2011 .
2.5 | The pathogenicity of PRRSV isolated from the
co-infection
The challenge study was approved by the Animal Welfare and Ethics Committee at College of Veterinary Medicine of Yangzhou University with the reference number of YZU-CVM-201804. The pathogenicity of PRRSV SD17-36 isolate was evaluated by animal challenge study in 4-week-old piglets as previously described . The piglets used in this study were negative for PRRSV, PCV2, PCV3 and other common swine pathogens such as mycoplasm, swine influenza A virus and porcine parainfluenza virus. Briefly, ten 4-week-old piglets were randomly divided into two groups (five piglets in each group).
Piglets in one group were intranasally and intramuscularly inoculated with 2 ml 10 5.0 TCID 50 /ml PRRSV SD17-36 virus (fifth passage), while piglets in the other group were inoculated with RPMI-1640 to serve as the negative control. Rectal temperature and body weight were recorded twice a week. The dynamics of viremia and PRRSV-specific antibodies in the sera were analyzed as previously described . The piglets surviving until 14 days post-infection (dpi) were euthanized, and tissue samples including lung, tonsil and lymph node were collected for histopathological and immunohistochemical tests .
| RESULTS AND DISCUSSION
A total of 21, 16, 1 lymph nodes and 55, 43, 3 lungs were detected as PRRSV, PCV2 and PCV3 positive by real-time PCR assays respectively (Table 1) Phylogenetic analysis based on 60 PRRSV representative genomes showed that the PRRSV SD17-36 isolate belonged to the NADC30-like PRRSV2 subtype (Supporting information Figure S1 ). Each segment of the reference strains that shares the highest nucleotide identity with PRRSV SD17-36 is shown in bold.
Phylogenetic analysis based on 50 genomes of PCV2 representative isolates showed that the PCV2 SD17-36 virus was grouped with ORF2d subtypes of PCV2 isolates, which are predominant in Chinese swine herds in recent years (Supporting information Figure S2 ).
Phylogenetic tree based on all 86 available PCV3 genomes from GenBank showed that the PCV3 SD17-36 virus was clustered with Denmark strains in PCV3a subtype according to Fu et al. report (Fu et al., 2018 ; Supporting information Figure S3 ).
Sequence comparison showed that PRRSV SD17-36 genome shared 94.89% identity with the NADC30 strain (JN654459) and each fragment alignment also supported that PRRSV SD17-36 shared the highest nucleotide identity with NADC30 (Table 2) .
Recombination analyses by both Simplot 3.5.1 and RDP4 showed that PRRSV SD17-36 is not a recombinant virus (data not shown).
Sequence alignment also showed that PRRSV SD17-36 contained a novel amino acid deletion (N33) in GP5, which was stable during the infection in piglets (Supporting information Figure S4 ).
Recently, novel NADC30-like isolates (SD-A19 and SCcd17 strains)
with the same deletion in GP5 have been identified Wang et al., 2018) . SD-A19 is not a recombinant virus showing low pathogenicity . SCcd17 is a recombinant virus from three lineages of PRRSV2 but the pathogenicity of SCcd17 is unknown . Another recent report identified that the recombinant virus (SDhz1512) also from three lineages of PRRSV2 is low pathogenic (60% morbidity, 0% mortality) . However, the recombinant virus (SD17-38) with similar recombinant pattern identified in our previous study, containing the N60 insertion and also the N33 deletion in GP5, showed high virulence to piglets (100% morbidity, 40% mortality) .
F I G U R E 1 Dynamics of rectal temperature, weight gain, virus load and antibody level during the challenge study. SD17-36-infected pigs did not show significantly higher rectal temperature than the mock-infected pigs during the animal challenge study (a). SD17-36-infected pigs had similar weight gain as the mock-infected pigs (b). Dynamics of viremia were detected by Real-time RT-PCR assay. The virus could not be detected in mock-infected pigs, but could be detected in 3/5 pigs from 3 to 14 dpi (c). PRRSV-specific antibody level was detected by IDEXX HerdCheck*PRRS×3 Antibody Detection ELISA Kit. The threshold for seroconversion was set at sample-to-positive (s/p) ratio of 0.4. PRRSVspecific antibody could not be detected in mock-infected pigs, but could be detected in 3/5 SD17-36-infected pigs from 11 to 14 dpi (d). Each bar represents the average for all pigs in each group ± standard deviation (SD)
To investigate the pathogenicity of PRRSV SD17-36 virus, PRRSV SD17-36 was isolated with the pulmonary alveolar macrophages (PAM) as we previously described (Chen et al., 2011 .
The animal challenge study with the isolated PRRSV SD17-36 virus showed that it did not cause fever (≥40°C) or any other obvious clinical symptoms (Figure 1a ). There was no significant difference in the weight gain between the SD17-36-infected and mock-infected groups (Figure 1b ). Viremia and PRRSV-specific antibody were detected in three of the five SD17-36-infected pigs from 3 and 11 dpi to the end of this study respectively (Figure 1c which is lower than to NADC30 (94.89%) ( Table 2) . Considering the PRRSV SD17-36 identified in this study with the N33 deletion in GP5 is low pathogenic and the PRRSV 17-38 identified in our previous study ) also containing the deletion in GP5 is highly pathogenic, the N33 deletion in GP5 is likely not associated with the pathogenicity. Porcine reproductive and respiratory syndrome virus was first isolated in 1996 in China. Retrospective studies showed that PCV2 and PCV3 infection have also been traced back to 1996 in China (Sun et al., 2018; Bao et al., 2018) . The co-existence of PRRSV, PCV2 and PCV3 in Chinese swine herds for more than 20 years provided a favourable condition for the co-infection of these viruses. It's clinically important to study the co-infection of PRRSV and PCVs because the co-infection not only could result in more severe diseases than singular infection in pigs (Opriessnig et al., 2012) , but also had a negative influence on the effect of vaccination (Genzow, Schwartz, Gonzalez, Anderson, & Chittick, 2009) . In this study, we identified the co-infection of PRRSV, PCV2 and PCV3 in a diseased pig (SD17-36), however, the exact co-infection status/percentage of PRRSV, PCV2 and PCV3 in China requires further investigation.
Notably, PRRSV only exists in the lymphoid tissues during persistent infection (Rowland, Lawson, Rossow, & Benfield, 2003) . In this study, the complete consistency between the detection of lung results and the infection status of pigs is probably associated with the fact that all samples were obtained from diseased or dead pigs (most likely acute infection) submitted for the diagnosis and all the pigs were less than 3 months old. Persistent infection is more likely observed in elder pigs or sows than in pigs younger than 3 months of age.
The novel NADC30-like PRRSV SD17-36 isolated from the lung of the diseased pig co-infected with PRRSV, PCV2 and PCV3, was identified as low pathogenic. Even though the pathogenicity of PCV3 was still not determined due to the failure in the isolation of PCV3 virus (Palinski et al., 2017) , considering no other common swine viruses were detected in the diseased pig and all PCV3 positive samples identified in this study were all co-infected with PCV2, it's rational to propose that PCVs may play a role in the pathogenicity of co-infection, either in a singular or synergistic pattern, which requires further studies.
